Changes in heme coordination state and protein conformation of cytochrome P450 cam (P450 cam ), a b-type heme protein, were investigated by employing pH jump experiments coupled with time-resolved optical absorption, fluorescence, circular dichroism, and resonance Raman techniques. We found a partially unfolded form (acid form) of ferric P450 cam at pH 2.5, in which a Cys ؊ -heme coordination bond in the native conformation was ruptured. When the pH was raised to pH 7.5, the acid form refolded to the native conformation through a distinctive intermediate. Formations of similar acid and intermediate forms were also observed for ferrous P450 cam . Both the ferric and ferrous forms of the intermediate were found to have an unidentified axial ligand of the heme at the 6th coordination sphere, which is vacant in the high spin ferric and ferrous forms at the native conformation. For the ferrous form, it was also indicated that the 5th axial ligand is different from the native cysteinate. The folding intermediates identified in this study demonstrate occurrences of non-native coordination state of heme during the refolding processes of the large b-type heme protein, being akin to the well known folding intermediates of cytochromes c, in which c-type heme is covalently attached to a smaller protein.
clearly found under some conditions, such as a high concentration of denaturants, high temperature, and high or low pH (1) (2) (3) (4) (5) . Some of the fully or partially unfolded protein molecules thus prepared can recover their native folded structures (refolding). The refolding processes of protein are generally possible to be traced by appropriate time-resolved probes, if the refolding can be triggered by methods with a good time resolution. Rapid dilutions of denaturants, temperature jump, and pH jump are typical methods for this purpose (6 -11) .
Studies on the refolding processes of proteins have revealed that some protein molecules encounter low energy non-native conformations (folding intermediates), which are located at a local energetic minimum on the free energy surface of folding pathways (4, 7, 8, (12) (13) (14) (15) (16) (17) . Some of the folding intermediate molecules involve incorrect disulfide bonds (14) or incorrectly isomerized proline residues (12) . Such incorrect configurations raise energy barriers between the local energetic minimum and the native state (4, 7, 8, (12) (13) (14) (15) (16) (17) .
Prosthetic groups of metalloproteins frequently present further variations in the folding processes, because they contribute to the conformation and the stability of protein molecules through coordination or covalent bonds with amino acid side chains (4, 7, 8, 13, 18) . The roles of prosthetic groups in the folding processes have been extensively studied for a class of cytochrome c (cyt-c) 1 proteins, which are small (ϳ100 amino acids) globular proteins containing a c-type heme (4, 7, 8, 13) . The heme of cyt-c plays a role in the formation of unique folding intermediates, in which its methionine axial ligand (Met-80 of horse heart cyt-c) in the native conformation is replaced by either an incorrect (non-native) histidine side chain (His-26 or His-33) or a water molecule (4, 7, 8, 13) . Dissociation steps of these non-native ligands are rate-limiting in the overall refolding processes. Therefore, the folding intermediates of cyt-c are responsible for the kinetic rate of recovery of the native conformation (4, 7, 8, 13) .
In cyt-c, its c-type heme is attached to the protein through not only the two coordination bonds to amino acid ligands (Met-80 and His-18) but also the two covalent thioether bonds. Because of these covalent bonds, the heme is not detached from the protein of cyt-c in the unfolded states (4, 7, 8, 13) . Partly because of this feature, cyt-c and other c-type heme proteins have served as convenient materials for folding studies with respect to the roles of heme. In contrast, protoheme (b-type heme) of most other heme proteins is generally attached to the protein moiety through only the coordination bonds and noncovalent interactions. Therefore, experimental methods for preparing unfolded states of the b-type heme proteins frequently result in the release of the heme from the protein (19, 20) . This brings difficulties in investigating the changes of heme coordination states during the protein refolding processes. Accordingly, it is unclear whether the formation of folding intermediates with non-native heme coordination states is involved generally in the folding processes of heme proteins.
In order to address this question, in this study we performed a series of refolding experiments on cytochrome P450 cam (P450 cam ), which is one of the best characterized b-type heme proteins with respect to the protein structure. X-ray crystallographic studies have revealed that the structure of this relatively large (414 amino acids) heme protein is rich in ␣-helical and ␤-sheet segments (21, 22) . P450 cam , as well as other members of the cytochrome P450 superfamily, has a b-type heme with a Cys Ϫ axial ligand (21) (22) (23) . This Cys Ϫ ligand is responsible for several unique features of the heme of P450 cam in either optical absorption (24 -27) or RR (28, 29) spectra, enabling us to investigate the ligand replacement reactions spectroscopically. Carefully adjusting the pH and other buffer conditions, we found the formation of an acid form of this heme protein in which the Cys Ϫ -heme coordination bond is ruptured, but the heme is still held in a partially unfolded protein structure. We used this unfolded protein as the starting material for our refolding experiments, which employed a pH jump method coupled with time-resolved optical absorption, fluorescence, CD, and RR techniques. The results of this study indicate formations of ferric and ferrous folding intermediates of P450 cam , which retain the non-native coordination states of the heme.
EXPERIMENTAL PROCEDURES
Materials-The ferric form of cytochrome P450 cam (P450 cam ) was expressed in Escherichia coli strain JM109 and purified according to methods described elsewhere (30) . Sperm whale metmyoglobin (Sigma) was treated with potassium ferricyanide, to eliminate the reduced form of myoglobin remaining in the commercial product, and purified by CM-cellulose column chromatography as described previously (31) . All other commercial chemicals were reagent grade or better and used without further purification.
UV-visible Absorption Spectra-Absorption spectra were measured by a PerkinElmer Life Sciences spectrometer (lambda 18) equipped with a temperature control unit. For pH jump experiments, 2.5 l of 2.5 M Tris/water was added to 5 M P450 cam sample dissolved in 2.0 ml of buffer consisting of 8.7 mM citrate, 50 mM KCl, and 1 mM d-camphor, pH 2.5. The sample solution was stirred gently by a stirrer bar in an optical cubic cell while the Tris solution was added. The final pH after the addition of the Tris solution was pH 7.5. For measurements of ferrous and ferrous-carbon monoxide (CO) preparations, the air inside the optical cell was replaced by argon and CO, respectively, and the samples were reduced by small amounts of sodium dithionite. Samples of ferrous-n-butyl isocyanide (BI) adducts were prepared by introducing 1 mM BI to ferrous preparations.
Fluorescence Spectra-Fluorescence spectra were measured at 20°C by a Hitach fluorescence spectrometer (model F-3000). The excitation wavelength was fixed at 286 nm. Buffer conditions and pH jump method were the same as those employed for the absorption measurements.
Circular Dichroism Spectra-Far-UV CD spectra were acquired at 20°C on an AIVIV circular dichroism spectrophotometer model 125s calibrated with ammonium d-10 camphorsulfonic acid. The pH jump for the ferric acid form was carried out in a cuvette, and then the sample was transferred into a 1-mm path length CD cell. Spectral measurements for the refolding processes were started at 0.5 min after the pH jump and repeated every 6 min. Resonance Raman Spectra-RR spectra were measured at 20°C by using a spinning cell system (1800 rpm). Refolding processes were investigated by employing a pH jump method essentially the same as that used for the UV-visible absorption experiments except for the protein concentration and total volume of samples; 6. Kinetic and Thermodynamic Analyses-On the assumption of a simple sequential scheme (Scheme 1) for the refolding of the ferric acid form to the native state, rate constants (k 1 and k 2 ) were obtained by least squares analyses of UV-visible spectral changes.
The analyses were carried out with the aid of the technique of singular value decomposition as described elsewhere (31) . Temperature dependences of k 1 and k 2 were analyzed on the basis of the Eyring equation (Equation 2) as follows,
where k is the rate constant; T is the temperature; k B is the Boltzmann constant; h is the Planck constant; R is the gas constant; ⌬S ‡ is the activation entropy; ⌬H ‡ is the activation enthalpy. Enzyme Assay-The catalytic activities of P450 cam preparations were measured in a reconstituted system at 20°C as described previously (30, 33) . NADH oxidation and oxygen consumption by P450 cam in the reconstituted system were measured simultaneously by monitoring changes in absorption at 360 nm and in the reading of an oxygen electrode. The buffer system used for the assays was 50 mM potassium phosphate, pH 7.4, containing 50 mM KCl and 1 mM d-camphor. (Fig. 1A , broken line, and Table I ) essentially the same as the known spectrum of the 5chs form.
RESULTS

Absorption Spectral Changes of
When the above ferric preparation was placed at pH 2.5 (8.7 mM citrate, 50 mM KCl, 1 mM d-camphor), it exhibited a spectrum (Fig. 1A , thick solid line; max , 371, 518, 550, and 652 nm) distinct from the spectra of the native 5chs and 6cls forms. This finding indicates that the ferric P450 cam converted to an unknown species, in which certain changes in the coordination and/or spin states of the heme took place under the present experimental conditions at pH 2.5. This new species is termed the acid form of ferric P450 cam in this study.
The Soret peak of the ferric acid form of P450 cam (371 nm; Fig. 1A , thick solid line) is significantly blue-shifted, which is not typical of His-, Tyr-, or Cys Ϫ -ligated 5c and 6c ferric hemes (Table I) . On the other hand, blue-shifted Soret bands at ϳ370 nm are found for metmyoglobin at pH 3.75 (Fig. 1A , thin solid line; max , 370 nm) and horseradish peroxidase C at pH 3.0 ( max , 370 nm) (34), both of which are known to have a 5chs heme with a water axial ligand (Fe 3ϩ -H 2 O) (34, 35) . This spectral similarity strongly suggests that the acid form of ferric P450 cam carries a Fe 3ϩ -H 2 O heme. Further details of the coordination and spin states of the heme were investigated by resonance Raman techniques as described later.
By employing the pH jump method (see "Experimental Procedures"), we examined whether the acid form of ferric P450 cam could recover the native state of the heme. Fig. 1 , B and C, illustrates changes in UV-visible absorption at 20°C after the pH of the acid form sample jumped to pH 7.5; arrows in Fig. 1 , B and C, indicate directions of time-dependent absorption changes. In Fig. 1B , spectra are those recorded at 0, 2, and 4 min after the pH jump, and in Fig. 1C are those at 14 -120 min.
The absorption changes proceeded as a biphasic process. In the first phase (Fig. 1B) , the spectrum of the acid form was changed to that characterized by new peaks at 416, 538, and 571 nm, indicating a temporary accumulation of an unknown intermediate species. The intermediate spectrum was then changed relatively slowly to a spectrum, which was very close to that of the native 5chs form of ferric P450 cam (Fig. 1C ). The absorption changes ended within 120 min, and no subsequent change in absorption was observed. The final spectrum at 120 min ( Fig.  1C) showed a 5-6% decrease in the Soret intensity as compared with the native ferric P450 cam . However, the absorption peaks of the final spectrum were located at wavelengths (392, 509, 540, and 645 nm) exactly the same as those of the native 5chs form. The set of the absorption peak positions of the intermediate (416, 538, and 571 nm) is typical of ferric 6cls hemes (Table I) . Resonance Raman data (see below) also supported the formation of a 6cls heme. These findings indicate that the 6th coordination sphere of the ferric heme of the intermediate is occupied by an unknown ligand (ligand X) that does not exist in the native 5chs P450 cam .
The absorption changes from the acid to the native spectrum via the intermediate and the time scales of the changes were reproducible when pH jump experiments were performed at P450 cam concentrations in the range 2.5-30 M. At the end of the pH jump experiment, we took aliquots from the sample (recovered sample) to examine the enzymatic activity as well as the spectra of the ferrous and ferrous-CO forms. The recovered sample showed ϳ94% activity relative to the authentic one (data not shown), whereas ferrous and ferrous-CO spectra of the recovered sample were as in Fig. 2, A and B, respectively (solid lines). For comparison, authentic ferrous and ferrous-CO spectra of P450 cam are also shown (Fig. 2, broken lines) . The ferrous spectrum of the recovered sample ( Fig. 2A ) exhibits shoulders at 426 and 558 nm, which are not found in the authentic one, whereas the ferrous-CO spectrum (Fig. 2B) shows a new peak at 422 nm and a shoulder at around 572 nm. Thus the present pH jump method resulted in the formation of a small amount of certain denatured product(s). However, the ferrous and ferrous-CO spectra of the recovered sample show peaks at positions exactly the same as those of the corresponding authentic spectra (ferrous, 409 and 544 nm; ferrous-CO, 446 and 550 nm). These results, together with the ferric spectrum of the recovered sample and the enzymatic activity data, indicate that the ferric P450 cam recovered the native structure from the acid form upon the pH jump treatment with only minor byproduct(s).
Fluorescence and CD Spectra-To investigate the protein conformations of the acid and intermediate forms of ferric P450 cam , we performed pH jump experiments coupled with either tryptophan fluorescence or CD measurements. Fig. 3A shows tryptophan fluorescence (emission) spectra of the native (thick broken line) and acid (thick solid line) forms of ferric P450 cam at pH 7.5 and 2.5, respectively. The fluorescence intensity was significantly increased when the native form was converted into the acid form. In addition, the emission maximum exhibited a red shift from 328 nm in the native form to 338 nm in the acid form. The red shift indicates an increased water accessibility of certain tryptophan residue(s) (36) . On the other hand, the increase in the fluorescence intensity is interpreted as that the spatial orientations between the tryptophan and certain chemical groups, which function as a quencher for the tryptophan fluorescence, were changed. The heme of P450 cam is one of the possible quenchers for the tryptophan residues (Trp-42, -55, -63, -374, and -406), which are located at 17-30 Å from the heme in the native conformation (37) . Although it is unclear which tryptophan residue(s) among the five tryptophans mostly underwent the changes in the water accessibility/relative orientation, the fluorescence data indicate a partially unfolded protein conformation for the acid form.
CD spectra further demonstrated the unfolded protein conformation of the acid form as compared with the native state (Fig. 3B) . The native form exhibited a CD spectrum (Fig. 3B , broken line) characteristic of ␣-helix with two minimums of similar intensity at ϳ218 and ϳ208 nm. The ␣-helix content was calculated to be 42% according to Equation 1 (32) . This value is slightly smaller than the reported value of 53% (sum of the ␣-and 3 10 helices) from the x-ray crystal structure (22) . Upon conversion to the acid form, the spectrum was changed significantly (Fig. 3B, thick solid line) , showing a new negative peak around 205 nm and a shoulder at ϳ220 nm; the former indicates random coil formation, whereas the latter is attributable to the remaining ␣-helix that accounts for 23% of the total structure. For comparison, we also recorded a CD spectrum of ferric P450 cam in 8 M urea. The spectrum thus recorded (Fig. 3B, solid line with open circles) did not show minimums that reflect ␣-helix, indicating an almost completely unfolded state, although we could not identify a minimum at Ͻ210 nm expected for the random coil formation because of high absorption of the sample. The significant differences between the spectra of P450 cam in 8 M urea and the acid form confirm certain ␣-helix structures in the latter, although the content of the helix is lower than the native conformation.
When the acid form was subjected to the pH jump, the tryptophan fluorescence approached gradually to the native level as exemplified by the spectra at 22 (Fig. 3A , thin solid line) and 120 (thin broken line) min. It should be noted that the above time range (22-120 min) is in the second phase of the UV-visible absorption changes (Fig. 1C) , which is characterized by the conversion from the intermediate species to the native state. Therefore, the fluorescence spectral changes shown here indicate the protein conformation of the intermediate to be different from the native conformation. In contrast to the slow fluorescence changes, the CD ellipticity returned to the native level almost completely within the single scan time (ϳ6 min) of our CD experiments after the pH jump (Fig. 3B, thin solid line) , and further spectral changes were not found for over an hour. These results suggest that the intermediate species holds secondary structures essentially the same as those in the native conformation. Accordingly, the intermediate species can be viewed as a folding intermediate of P450 cam , in which the secondary structure elements are restored but the entire conformation is distinct from the native state as judged by the tryptophan fluorescence and also by the UV-visible absorption.
Refolding Processes of Ferrous P450 cam -In the next series of experiments, we examined whether refolding processes were also found for ferrous P450 cam . When we reduced the heme of the ferric acid form by sodium dithionite in an argon atmosphere, its spectrum was changed to exhibit absorption peaks at 385, 545, and 573 nm (Fig. 4A, solid line) , which are distinct from the absorption peak positions of the native ferrous P450 cam (broken line in Fig. 4A and Table I ). The spectrum of the new ferrous species (the ferrous acid form) closely resembles the spectrum of deoxy myoglobin at pH Ͻ4 ( max , 383 nm; Table I ), which carries a 4-coordinate intermediate spin (4cis) heme (35) . The ferrous acid form was somewhat unstable, being oxidized spontaneously to the ferric form within a few minutes even in the argon atmosphere (data not shown).
By employing the pH jump method, we monitored the absorption changes of the ferrous acid form immediately after the jump of pH. The spectrum thus recorded (Fig. 4B , thick solid line; max , 424, 531, 559 nm) again was distinct from that of the native ferrous form, indicating a formation of a new ferrous species. The conversion from the ferrous acid form to this species was much faster than that from the ferric acid form to the ferric intermediate, being completed within 10 s (at 20°C) (data not shown). After this fast conversion, the new ferrous species exhibited further absorption changes, meaning that the species is an intermediate. The absorption spectra recorded at 60, 120, and 180 min after the pH jump are shown in Fig. 4B  (thin solid lines) , where directions of the absorption changes are indicated by arrows. These absorption changes almost ceased at 180 min.
The spectra in Fig. 4B (solid lines) indicate increases of absorption at around 410 and 540 -550 nm at the expense of the peaks of the intermediate species. Because the peak positions at 410 and 540 -550 nm are close to those of the native ferrous P450 cam at 409 and 544 nm, the spectral changes suggest a conversion from the ferrous intermediate to the native ferrous form. In order to analyze further the spectral changes, we calculated a difference spectrum by subtracting the spectrum of the intermediate (i.e. Fig. 4B , thick solid line) from the final spectrum (spectrum at 180 min in Fig. 4B ). The resulting difference spectrum was illustrated in the same panel (Fig. 4B,  thick broken line) . For a comparison, another difference spectrum was calculated by subtracting the intermediate spectrum from the spectrum of the native ferrous P450 cam . The latter difference spectrum (Fig. 4B, thin broken line) corresponds to what is expected if the intermediate species is fully converted to the native form. The shapes, e.g. the positive and the negative peak positions, of the two difference spectra are essentially the same to each other, although the vertical width of the final Ϫ intermediate spectrum (thick broken line) is about onehalf that of the native Ϫ intermediate spectrum (thin broken line). These analyses indicate that about one-half of P450 cam molecules returned to the native ferrous form under the present conditions.
When we added sodium dithionite to a sample of the ferric folding intermediate, the sample exhibited a spectrum essentially the same as that of the above ferrous intermediate. The A, absorption spectra of ferrous acid form of P450 cam (solid line) at pH 2.5 and ferrous 5chs P450 cam (broken line) at pH 7.5. The ferrous acid form was prepared by reducing the ferric acid form with sodium dithionite in an argon atmosphere. Buffer contents used were the same as those indicated under Fig. 1A . B, absorption changes of P450 cam recorded after the pH jump of the ferrous acid sample to pH 7.5 (solid lines). Spectra were recorded at 0 (thick line), 60, 120, and 180 min (thin lines) after the pH jump. Arrows indicate directions of the time-dependent spectral changes. Based on these spectra, difference spectra were calculated (broken lines) as follows: spectrum at 180 min minus spectrum at 0 min (thick broken line); spectrum of the native ferrous form minus spectrum at 0 min (thin broken line). C, absorption changes of P450 cam recorded after adding n-butyl isocyanide (BI) to the sample of the ferrous folding intermediate. ferrous sample thus prepared also showed the conversion into the ferrous native form with a time scale and recovery rate similar to those described above (not shown). As later described, resonance Raman experiments indicated a 6c heme for the ferrous folding intermediate. This means the presence of an unknown ligand at the 6th coordination sphere of the heme of ferrous folding intermediate. Although it is still unclear whether this unknown ligand is the same as the 6th ligand of the ferric folding intermediate (ligand X), we use for the sake of simplicity the same notation, X, for the ligand.
The ferrous intermediate exhibits a Soret maximum at 424 nm. This spectral feature is unlikely to be a Cys Ϫ -ligated 6c ferrous heme, because the Cys Ϫ coordination generally induces a significant red shift of the Soret maximum to ϳ450 nm as compared with the Soret band position (ϳ420 nm) of other 6c ferrous hemes (Table I) . This means that an unknown ligand (ligand Y) coordinates at the 5th heme coordination sphere of the ferrous folding intermediate, together with the other unidentified axial ligand (ligand X) at the 6th position, to yield the 6c heme.
When we added BI to a preparation of the ferrous folding intermediate, the absorption spectrum was changed as displayed by Fig. 4C (thick line, max , 433 , 542 nm). The changes in the absorption indicate a replacement of at least one ligand (X or Y) by BI. The spectrum of the BI adduct gradually changed as illustrated in the same panel (thin lines; arrows indicate directions of the absorption changes). Among the spectra, the final one is that recorded at 88 min after the addition of BI. Although the final spectrum is not exactly the same as the native BI spectrum of P450 cam , its peak positions are very close to the native ones (Table I) . This indicates a recovery of the Cys Ϫ ligation to yield the native heme coordination structure of the BI adduct (Cys Ϫ -Fe 2ϩ -BI) giving a red-shifted (449 nm) Soret maximum.
Resonance Raman Spectra- Fig. 5 shows RR spectra of ferric preparations of P450 cam obtained by using excitation wavelength at 429 nm. The spectrum of the native 5chs P450 cam (Fig. 5, spectrum a) was in a good agreement with the reported ones, and Raman bands at 1624, 1569, and 1488 cm Ϫ1 can be assigned to 10 , 2 , and 3 modes of porphyrin core vibrations, respectively (29) . It has been established that 10 and 3 vibrations are diagnostic markers for the coordination and spin states of the heme. For ferric hemes, the 10 Raman band generally appears around 1643-1636, 1632-1629, and 1625-1608 cm Ϫ1 for 6cls, 5chs, and 6-coordinate high spin (6chs) hemes, respectively (38 -41) . On the other hand, 3 appears around 1507-1502, 1500 -1495, and 1483-1480 cm Ϫ1 for 6cls, 5chs, and 6chs hemes, respectively (38 -41), although either 10 or 3 frequencies are occasionally found outside of the typical regions, depending on the axial ligands. Both the 10 and 3 frequencies (1624 and 1488 cm Ϫ1 ) of the native 5chs P450 cam are slightly lower than those expected for the typical ferric 5chs hemes. Similar low frequency shifts of 10 and 3 modes have been reported for other 5chs hemes employing a Cys Ϫ axial ligand (42, 43) .
When Raman scattering was obtained for the ferric acid form (Fig. 5, spectrum b) , 10 and 3 bands were found at 1629 and 1491 cm Ϫ1 , respectively, being up-shifted from corresponding ones of the native 5chs form. Although 3 is slightly downshifted from the typical frequency region (1500 -1495) of the 5chs hemes, the set of the 10 and 3 frequencies reasonably indicates that the ferric acid form carries a 5chs heme having an axial ligand other than Cys Ϫ of the native form. Based on this finding, together with the blue-shifted Soret band of the ferric acid form at 371 nm (Table I) , we assigned the coordination structure of the heme of the ferric acid form to be Fe 3ϩ -H 2 O. Fig. 5 were recorded successively from c to f at every 5 min after the refolding processes were started by the pH jump from the acid form sample. Within 5 min (Fig. 5,  spectrum c) , new Raman bands appeared at 1637, 1622, 1583, and 1502 cm Ϫ1 . These bands were gradually weakened with concomitant growth of bands of the native 5chs form at 1624, 1569, and 1488 cm Ϫ1 (Fig. 5, spectra d-f) . Therefore, the new bands in Fig. 5 , spectrum c, are attributable to the ferric folding intermediate, which was formed in the early phase of the refolding processes. Assignments of these bands were made as indicated in the figure, where CϭC denotes an internal vibration mode of the vinyl substituents of protoporphyrin IX (44) . The frequencies of 10 and 3 (1637 and 1502 cm Ϫ1 ) indicate that the ferric folding intermediate carries a 6cls heme. Fig. 6A shows 406.7 nm-excited RR spectra of ferric acid (upper, broken line) and ferrous acid (lower, solid line) samples. Frequencies of 10 , 2 , and 3 bands of the ferric acid form were consistent with those obtained by the 429 nm excitation. On the other hand, the spectrum of the ferrous acid sample was somewhat complicated because the ferric acid form also significantly contributed to the spectrum. As already described, the ferrous acid form was unstable, being oxidized spontaneously to the ferric form during the RR measurements. Raman bands with asterisks in the figure are attributable to the ferric form. Other bands at 1649, 1588, and 1506 cm Ϫ1 , which are distinct from the bands of ferric sample, can be assigned to 10 , 2 and 3 of the acid ferrous form, respectively. FIG. 5 . RR spectra of ferric samples of P450 cam . RR spectra were measured for ferric 5chs P450 cam at pH 7.5 (a) and ferric acid form of P450 cam at pH 2.5 (b). After the measurement of spectrum b, pH of the sample was raised to pH 7.5, and RR spectra were successively measured at every 5 min (c-f) in the order from c to f. All measurements were carried out at 20°C using excitation wavelength at 429 nm.
Spectra c-f in
Similar to the case of the ferric hemes, 10 and 3 frequencies can be the coordination and spin state markers for the ferrous hemes. The 10 Raman band generally appears around 1620 -1617, 1607-1604, and 1642-1637 cm Ϫ1 for 6cls, 5chs, and 4cis hemes, respectively, and 3 appears around 1493-1490, 1473-1472, and 1506 -1500 cm Ϫ1 for 6cls, 5chs, and 4cis hemes, respectively (38 -41, 45) . 2 The 10 and 3 frequencies of the ferrous acid form at 1649 and 1506 cm Ϫ1 indicate that this species carries a 4cis heme, although 10 is slightly up-shifted from the typical frequency region. This assignment is consistent with the absorption spectrum of the ferrous acid form, which closely resembles that of the 4cis species of deoxymyoglobin at pH Ͻ4.
In Fig. 6B , 429-nm excited RR spectra of samples of the native 5chs ferrous form (upper, broken line) and the ferrous folding intermediate (lower, solid line) are displayed. When the spectrum of the intermediate was recorded, the native ferrous form also contributed to Raman intensity because the intermediate was gradually converted to the native form, as already described. For the spectrum of the intermediate, Raman bands attributable to the native ferrous form were marked with asterisks. Other than these bands, the spectrum of the intermediate exhibits new bands at 1617, 1584, and 1493 cm Ϫ1 , which can be assigned to 10 , 2 , and 3 of the ferrous folding intermediate, respectively. The set of the frequencies of 10 and 3 at 1617 and 1493 cm Ϫ1 is typical of the ferrous 6cls hemes, indicating that the ferrous intermediate carries a 6cls heme.
Further RR experiments were carried out for BI adducts of ferrous samples by using the excitation wavelength at 429 nm. Thermodynamic Parameters of the Refolding Processes-We analyzed the UV-visible absorption changes of the refolding processes of ferric P450 cam (see "Experimental Procedures"), and we obtained the rate constants k 1 and k 2 in Scheme 1. Although the denatured product also contributed to the observed absorption changes, we assumed in the present analyses the contribution be negligible because only 5% of the total P450 cam molecules were converted to the denatured form. In  Fig. 7 , the rate constant values thus obtained at a temperature range of 15-30°C are plotted against 1/T (where T indicates temperature). The linear plots in Fig. 7 indicate that the temperature dependences of both k 1 and k 2 obey well the Eyring equation (Equation 2). Based on slopes and intercepts of the plots in Fig. 7 , we obtained values of the activation enthalpy 2 Coordination of certain ligands such as CO or NO, which employ * orbitals to coordinate with ferrous heme, is known to result in higher 10 
DISCUSSION
In this study, we found the formation of the folding intermediate state of P450 cam , in which the heme coordination states are different from the native ones. This finding implies the general involvement of this type of intermediates in the folding processes of heme proteins including the b-type heme proteins. The present results give insights into roles of the heme in the protein folding.
Scheme for the Refolding Reactions-On the basis of the results obtained here, we illustrated in Fig. 8 the possible scheme for the refolding reaction of P450 cam including the changes in the protein conformation (A-C) and heme coordination states (a-h). In the acid conformation (Fig. 8A) , the helix content is reduced to about one-half as compared with the native conformation (Fig. 8C) . The acid conformation urges the native Cys Ϫ -heme coordination bond to be broken, resulting in the formations of either the 5chs ferric heme with a water ligand (Fig. 8a) or ferrous 4cis heme (Fig. 8d) . However, the protein of the acid form still holds a certain structure that can accommodate the heme; the almost perfect recovery of the native heme coordination, which is essentially independent of the protein concentration in the range examined, means that the heme is not released from the acid form protein.
The refolding of the acid conformation faces a distinct folding intermediate (Fig. 8B) , in which the secondary structure recovers the native structure, but the entire conformation is different from the native state. The conversion from the intermediate to the native conformation is therefore viewed as rearrangements of the secondary structure elements, rather than the build ups of the secondary structures. The ferric form of the intermediate carries the 6cls heme ( Fig. 8b) with an unknown 6th ligand (ligand X). It is, however, still unclear whether the 5th ligand (ligand Y) of the ferric intermediate is the correct Cys Ϫ or another non-native ligand, because the UV-visible absorption is not a sensitive probe for the presence of the Cys Ϫ ligand for ferric 6cls hemes. On the other hand, it is obvious that the 6c heme of the ferrous folding intermediate (Fig. 8e) holds an axial ligand other than the Cys Ϫ at the 5th position; the absorption spectrum of this species is distinct from those of the ferrous 6cls hemes with a thiolate axial ligand.
The absorption spectrum of the ferric folding intermediate ( max , 416, 538, and 571 nm) (Fig. 1B) (47, 48) . Therefore, the simplest interpretation of the present results is that the ligand X in the ferrous intermediate is not H 2 O but a certain amino acid, and the same ligand is also held at the ferric state of the heme.
Both the ferric and ferrous forms of the folding intermediate refold to the native conformation involving the coordination structures of the heme with the Cys Ϫ ligand (Fig. 8, c and f) . Similar recovery of the Cys Ϫ ligand also takes place when BI binds to the ferrous heme (Fig. 8, g 3 h) .
Recently, certain neutral (protonated) thiols (cyclopentanethiol and tetrahydrothiophene) have been demonstrated to bind to the b-type ferrous heme as an axial ligand (49) . Most interesting, the absorption spectrum of the thiol-heme complexes thus reported ( max , 426, 530, and 560 nm) is very similar to the spectrum of the ferrous intermediate studied here. This similarity evokes the idea that ligand Y in the present case is the protonated Cys-357. If so, the recovery of the Cys Ϫ coordination is attributed to deprotonation of Cys-357 upon the protein conformation changes, rather than a ligand replacement reaction, although further characterizations of the intermediate form must be required to identify ligand Y as well as X.
Implication to the Folding Reaction in Vivo-The heme of P450 cam is deeply buried inside the protein at the native conformation (22) . Therefore, it is unlikely that the formation of holo-P450 cam in vivo takes place through an incorporation of the heme into the fully folded apoprotein. Indeed, in the in vitro heme reconstitution studies, the incorporation of the b-type heme into the apoP450 cam needs 24 to 48 h under conditions (in 4% methanol or at pH 8.0) favorable for partial deformations of the apoprotein (50, 51) , whereas the heme incorporation completes within 5 min under more mild conditions into hemoglobin, in which the heme is partially exposed into the protein surface (52) . On the other hand, it is also unlikely that a free heme can selectively bind to the correct Cys-357 ligand in the P450 cam protein, if the protein shows no secondary/tertiary structure (i.e. random coil). It should be noted that the P450 cam protein involves many amino acid residues (e.g. 13 histidine residues) (22) that can serve as a better ligand for the heme than a cysteine. This is in a sharp contrast to the folding of cyt-c, in which the c-type heme has a limited degree of freedom because of the thioether bonds between the heme and protein. Therefore, the most likely scenario for the folding of P450 cam in vivo is as follows: 1) the protein partially folds to make a structure that can accommodate the heme; 2) the heme is incorporated into the protein structure; 3) further folding processes of the protein including the rearrangements of the secondary structure elements take place, whereas the heme finds the correct ligand to bind. The refolding reaction studied here well mimics several aspects of these processes, being a good model system to study the folding mechanisms of P450 cam in vivo that has been less elucidated.
Implications to Cytochrome P420 -It is well known that P450 enzymes isolated from hepatic microsome are easily denatured to a catalytically inactive form termed cytochrome P420 (25, 53) . P450 enzymes from other sources are also known to degenerate into corresponding P420 forms upon certain treatments (54 -56) . The P420 forms exhibit a ferrous-CO spectrum giving a Soret maxima near 420 nm, ϳ30 nm shorter than that of ferrous-CO P450 at 450 nm, indicating that the 5th ligand of the heme is not Cys Ϫ in ferrous-CO P420 (25, (53) (54) (55) (56) . For P450 cam , its P420 form (P420 cam ) has been reported to be obtained when ferric P450 cam is incubated with 30% (v/v) acetone (54) or is exposed to high pressure (Ն2500 bar) (55 the name P420 cam is not necessarily given for a unique species. Some P420 preparations, including the high pressure-derived P420 cam , are known to be renatured into their native P450 forms when they are treated with certain chemical reagents such as sulfhydryl compounds, polyols, or a polycation, although most of the P420 forms do not recover their native conformations spontaneously (54, 57, 58 
